The discovery of oscillations of the interlayer exchange coupling with respect to the non-magnetic-spacer thickness has attracted a considerable attention [l] . From the theoretical point of view, the periods of oscillations have been explained successfully in terms of the Fermi surface of the spacer materiall21.
So far, very few studies have been devoted to the dependence of the interlayer exchange coupling on the thickness of theferromagnetic layers. It is commonly believed that the latter has no striking influence on the coupling, as indicated by the investigations of @U et al. [3] .
In a recent paper, Barnas presented numerical calculations of the interlayer exchange coupling for a free-electron model [4] ; the results he obtained clearly display an OScdlatOrY behaviour of the exchange coupling, as a function of the ferromagnetic-layer thickness. However, he did not provide any interpretation for this behaviour, so that it was not clear whether the latter is a peculiarity of the free-electron model, or a general behaviour that could be observed experimentally.
(*) E-mail: bruno@ief-paris-sud.fr.
In this letter, I present a general discussion of the dependence of interlayer exchange coupling on the ferromagnetic-layer thickness. I show that the oscillatory behaviour is to be expected in general, as a consequence of multiple reflections of electrons in the ferromagnetic layers, which act for electron waves similarly to a Fabry-Phot cavity for optical waves. The underlying physics is completely transparent, and analytical expressions of the coupling are derived.
The system under consideration in this paper consists of two ferromagnetic layers FA and FE of finite thickness, separated by a paramagnetic-spacer layer of thickness D. For simplicity, we assume that FA and FB are made of the same ferromagnetic metal and have the same thickness L, and that there is a substrate and a capping layer, both infinitely thick and consisting of the same material as the spacer; these assumptions, however, can be released easily without changing qualitatively the physical behaviour of the system.
The present study relies on the physical picture and formalism of interlayer coupling which were given in a previous paper [5] ; the main concepts and results are briefly summarized below.
Let us consider a paramagnetic material in contact with a ferromagnetic film. We are interested in the changes induced in the electronic structure of the paramagnetic material by the presence of the ferromagnetic fdm. As an electron (represented by a Bloch wave of momentum ki) travelling accross the paramagnet encounters the interface with the ferromagnet, it experiences a different potential. Thus, it is partly reflected towards the paramagnet. The reflected Bloch wave (of momentum k,) interferes with the incoming one, so that a standing wave takes place in the paramagnet, and the associated electronic density oscillates with a period given by the scattering vector q = k, -hi. Because of the in-plane translational invariance, the total Hamiltonian of the system is diagonal with respect to kii , so that the scattering vector is normal to the layers (taken along the z-direction). The net change in electronic density, of course, is obtained by summing over all electronic states below the Fermi level. Actually, the different states contribute to electronic density oscillations of different periods; thus, the influence of the ferromagnet decreases with increasing distance from the interface, due to cancellation of the various oscillatory contributions. Since the potential in the ferromagnet is spin-dependent, we expect the amplitude of the reflected wave t o be spin-dependent as well, so that both a charge-and a spin-polarization are induced in the paramagnet. Now, since we have two ferromagnetic fdms instead of a single one, multiple reflections take place in the spacer. The resulting interferences have been observed by Ortega et al. in Cu(OOl), Ag(OO1) and Au(OOl), by using photoemission and inverse photoemession [6] . The energy associated with these interferences expresses the interaction between the two ferromagnetic fdms. Here, we are essentially interested in that part of the interaction energy which depends on the angle e between the magnetizations of the ferromagnetic films, i.e. in the magnetic part of the coupling.
By making use of the Green's function and t-matrix formalism, this problem can be handled exactly [5] , and the interlayer coupling per unit area is 
The dependence of the exchange coupling on the thickness L of the ferromagnetic layers is entirely contained in the reflection amplitudes r T (J ) , Since the electron wave transmitted into the ferromagnet is partly reflected on the back side of the ferromagnetic layer, multiple reflections take place, just like in a Fabry-Pbrot cavity, and the net reflection amplitude is calculated straightforwardly:
where rL" ) are the reflection amplitudes corresponding to a semi-infinite ferromagnetic layer, and qkT (& ) L is the phase shift due to travelling forth and back across the ferromagnetic layer. The interferences in the ferromagnetic layer have been observed by Ortega et al. in Co(OO1) and Fe(001) [6] . It is clear from eq. (5) that the reflection amplitudes oscillate as a function of L, and that these oscillations should show up in the variation of exchange coupling with respect to ferromagnetic-layer thickness. To make this point more quantitative, let us consider a simple free-electron model, where the majority spin ( ? ) potential in the ferromagnet is equal to that of the paramagnetic spacer, whereas the minority spin (1) potential in the ferromagnet is shifted upwards by an amount V,. For numerical calculations, we shall take the Fermi wave vector of the spacer t o be kF = 1.36. los cm-l, which corresponds to the electron density of Cu, and V, = 1.5 eV, which simulates the exchange splitting of Co. Retaining only the leading terms, the expression at T = 0 K of JI in the limit of large spacer and ferromagnet thicknesses D and L is It appears clearly from eq, (9) that the coupling oscillates as a function of L, with a period given by kb , the Fermi wave vector for minority spin electrons in the ferromagnet; the amplitude of the oscillations decreases essentially as L -2.
To illustrate this point, we have performed numerical calculations for the free-electron model described above; the exact formula (4) has been used here, instead of the asymptotic one (9). Figure 1 shows the exchange coupling constant J1 as a function of the spacer where d is the distance 1 result reduces to (7) . Ne result to Co/Cu/Co(OO1 AT, = 0.15 may be infe:
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nagnet. e matter to compute 3r, in the limit of large ay be obtained, thus 'he derivation of the ients having different ni energy which are L: if one uses a technique that is sensitive only to the sign of the coupling, then it is necessary to choose properly the spacer thickness, so that the oscillations do actually yield a change of sign of J1.
Let us now discuss the case of f,c.c. Co/Cu/Co(OOl). This system is considered as a model system for interlayer coupling: indeed, the long-and short-period oscillations vs. spacer thickness predicted by the theory [Z, 51 have been verified by Johnson et al. 171, who found periods in fairly good agreement with the theoretical ones. We shall consider here only the long-period oscillation, which corresponds t o k,, = 0, i.e. to the centre of the two-dimensional Brillouin zone. Figure 3 shows the band structure of Cu and f.c.c. CO along the r-A-X line, which is parallel to the [OOl] direction; the Fermi wave vectors are indicated by the solid Points. For a single-band tight-binding model, one can show that the free-electron expression (7) is to be replaced by where d is the distance between atomic planes [8] ; in the limit of long wavelengths, the above result reduces to (7). Neglecting the d-bands and focussing on the sp-band, we can apply this result to Co/Cu/Co(OOl): we get T: = 0.2 and rf J 0.3, i.e. AT, = 0.05, while a value Of ATm = 0.15 may be inferred from the coupling strength measured experimentally [51; thus this simple model yields a satisfactory order of magnitude. In the present case TH is not zero, unlike the free-electron model discussed above; nevertheless, the behaviour remains qualitatively similar, and J1 ' us. L oscillates with a period given by k j , i.e. = 3.5 monolayers (ML). The effect of TL being non-zero is to introduce a long period (= 40 ML) modulation of these oscillations.
In conclusion, we have discussed the dependence of interlayer coupling on ferromagneticlayers thickness. We have shown that an oscillatory behaviour may be expected, due to interferences of the electron Bloch waves in the ferromagnetic layers. We have predicted the period of these oscillations for the model system Co/Cu/Co(OOl). These predictions should stimulate systematic experimental investigations of the interlayer exchange coupling vs. ferromagnetic-layers thickness, as well as further theoretical studies on this problem ( I ) . 
